In this paper, we discuss the development of cost effective, wireless, and wearable vibrotactile haptic device for stiffness perception during an interaction with virtual objects. Our experimental setup consists of haptic device with five vibrotactile actuators, virtual reality environment tailored in Unity 3D integrating the Oculus Rift Head Mounted Display (HMD) and the Leap Motion controller. The virtual environment is able to capture touch inputs from users. Interaction forces are then rendered at 500 Hz and fed back to the wearable setup stimulating fingertips with ERM vibrotactile actuators. Amplitude and frequency of vibrations are modulated proportionally to the interaction force to simulate the stiffness of a virtual object. A quantitative and qualitative study is done to compare the discrimination of stiffness on virtual linear spring in three sensory modalities: visual only feedback, tactile only feedback, and their combination. A common psychophysics method called the Two Alternative Forced Choice (2AFC) approach is used for quantitative analysis using Just Noticeable Difference (JND) and Weber Fractions (WF). According to the psychometric experiment result, average Weber fraction values of 0.39 for visual only feedback was improved to 0.25 by adding the tactile feedback.
systems (Connelly et al., 2010; Li et al., 2014) . Devices such as data gloves use air bladders to harden and restrict you grip, so that you can feel objects in virtual reality. Wearable exoskeleton such as Cyber Grasp uses tendons and actuators to apply resistance to each fingers (Yang et al., 2008) .
Vibrotactile displays have been developed for a variety of applications, including improving motor learning by enhancing the auditory and visual feedback (Lieberman and Breazeal, 2007) , sensory substitution (Kaczmarek et al., 1991) , and virtual social interaction and rehabilitation as well as tele-manipulation tasks (Van Erp, 2002; Galambos, 2012) . Vibrotactile feedback can also significantly enhance touch perception for virtual gaming and prototyping application. Combining touch and vision allows the simultaneous extraction of perceptive process invariants, which is crucial for establishing the reciprocal connections that allow for higher order perception and categorization of objects and environments (Pabon et al., 2007) .
The development in Virtual Reality (VR) technology is accelerating to make virtual experiences more immersive by providing sensory information that lets people feel as if they are inside the virtual environment. The sensory information can be visual, auditory, and tactile. To achieve a real time interaction, the VR system must be able to receive inputs from the real world and send feedback continuously and naturally (Carr and England, 1995) .
In this paper, we explore the use of vibrotactile cutaneous feedback integrated with visual feedback of a virtual hand to replace the missing kinesthetic haptic feedback. Recent developments of haptic motor drivers, such as DRV2605 (from Texas instruments), reduces the limitation of open loop control of vibortactile motors. Such kind of drivers reduces the start up and break time of the vibration motors with closed loop feedback control algorithms and also enables us to trigger different types of waveforms already stored in their internal ROM. The DRV2605 also helps in reducing the rapid change in vibration strength using a digital level shifter integrated with PWM inputs, thereby reducing the annoying effect of vibration. The digital level shifter adjust the voltage levels to a fixed value as long as the input voltage meets the higher input voltage (VIH) and lower input voltage (VIL) levels. Even though such kind of drivers have been used in Mobile phone, Tablets, Remote controls, and Touch-enabled devices, their use in creating reliable control of cutaneous VR devices has not been explored. Here, we mainly focused on use of PWM modulated vibrotactile cues in order to increase immersion of the user in the virtual environment. This vibration modulation are done on amplitude and frequency of the signal based on the impact force during interaction with virtual objects. Sense of mechanical vibration of the skin can go as high as 10 kHz, but the ability to discriminate one vibration frequency from one another declines above 320 Hz. In general, human can discriminate vibration cues in the range of frequency 50-400 Hz (Vicentini and Botturi, 2010) .
The rest of the paper is organized as follows, in the section 2 a theoretical observation from previous literature's about the stiffness discrimination and the main objective of this paper is discussed then the apparatus, experimental setup and psychometric experiment are described in section 3. In section 4 the experimental results are reported in the form of JNDs and WFs.
Finally, discussion about possible implications of the results is presented in section 5.
sTiFFness DiscriMinaTiOn
We investigate stiffness discrimination abilities for virtual linear springs in the presence and absence of tactile feedback and visual feedback. Stiffness of spring can be defined as resistance of the spring to deformation by an applied force. It is one of the most studied properties of an object. Stiffness property can help us in the discrimination, identification, and manipulation of objects (Gurari et al., 2009 ). The stiffness value of a spring can be defined by the amount of deformation caused by a unit measure of an applied force (Li et al., 2015) . Thus, the sensing stiffness of the spring requires the knowledge of both the amount of spring deformation (displacement) and associated forces. Our vision can provide us some information concerning the deformation of the spring; however, vision may not be able to provide us much information concerning the applied force (Paggetti et al., 2014) .
A spring with rigid mass attached to it is selected over a deformable surface due to the complexity of tactile information from deformable surfaces. When a deformable compliant object comes in contact with the fingerpad, the mechanical variables of the contact interface at any instant of time are the net force constituting the applied force and the reactive force, area of contact, pressure distribution within the contact region, and displacement or deformation within the object and the fingerpad. Thus, an analysis of a deformable surface is not easy. In the case of rigid spring, unlike deformable surfaces the area of contact, average pressure distribution and skin fingerpad displacement are completely dependent on the net force of contact and are independent of the stiffness of the spring (Jang and Lee, 2014) . Therefore, these parameters can be ignored during stiffness encoding.
Many studies have been done to quantify human stiffness discrimination abilities, using a variety of experimental methods (Roland and Ladegaard-Pedersen, 1977; Tan et al., 1995; Lecuyer et al., 2000) . The study of discrimination of physical parameters such as stiffness can help us measure how well humans can discriminate these parameters (Koçak et al., 2011) . In addition, the knowledge gained from the psychophysical studies performed after discrimination experiments can be used for the design of better haptic interfaces. During the design of haptic systems for virtual environment, it is important to consider the resolution of the haptic display to that of the human sensory systems (Tan et al., 1993; Wurdemann et al., 2013; Papetti et al., 2017) .
Tactile information alone may not be sufficient in discrimination of stiffness. The sufficiency of tactile information for discrimination of stiffness for different objects can be explained by the mechanics of the finger-pad contact and its effect on the tactile information encoded (Srinivasan and LaMotte, 1995) . For compliant object with rigid surfaces tactile information is not sufficient during stiffness discrimination, however, visual feedback can replace the proprioceptive sense to some extent. The effect of visual information on stiffness discrimination was explored in the studies (Srinivasan et al., 1996; Wu et al., 1999) . For deformable surfaces, the spatial pressure distribution within the contact region depends both on the force applied and object compliance.
Different stiffness exploratory procedures have been studied (Freyberger and Färber, 2006) . The stiffness of an object can be perceived by tapping or pressing. A common method to assess stiffness of an object is to squeeze the object between the index and thumb finger-pads or press with the index finger (Freyberger and Färber, 2006) . The normal force applied on the object causes corresponding deformation of both the object and the fingerpad. Some studies show that discrimination was significantly better when tapping than pressing the object (LaMotte, 2000) . This can be due to presence of tactile cues generated by the rapid increase of force rate during tapping. During tapping, the harder the object, the greater the amount of net force generated by the magnitude and rate of compressional forces against the object. Subjects could discriminate differences in stiffness by tactile cues in the absence of kinesthetic when the object is tapped at approximately the same velocity. The difference in applied velocity doesn't affect the discrimination while during pressing a small variation in applied velocity affects the discrimination specially during the absence of kinesthetic cues (LaMotte, 2000) .
Many studies explore different techniques to display stiffness using haptic devices. Nonetheless to the best of our knowledge, none of these experiments use modulation of vibrotactile cutaneous cues to display stiffness for virtual interaction. Human can perceive stiffness changes as change of vibration force strength. Modulation of vibrotactile cues create range of vibration forces which can be used for discrimination of stiffness, pressure, weight, and Force. Therefore, in our context stiffness discrimination is implemented as discrimination of different vibration intensities while tapping a virtual spring. Tapping is selected over pressing due to the reasons mentioned in the previous paragraph. In addition, during tapping vibration is displayed for very short amount of time while pressing needs a continuous vibration while the finger is in contact with virtual object, which results in destructing effects of vibration and bias during tests.
MeThODs
We built a single and multiple finger vibrotactile device (shown in Figure 1 ) which takes touch feedback signal from a VR haptic experimental setup developed in Unity 3D environment (https://unity3d.com/). The application is used to perform a two alternative forced choice psychological experiments to characterize the discrimination of stiffness using the vibrotactile device.
Vibrotactile haptic system
The haptic setup is composed of ERM vibro-tactile actuators (Precison Micro-drives, 310-113) and haptic controllers (Adafruit, DRV2605) that drive them. The electronic controller consists of serial Bluetooth module (Bluetooth RF Transceiver HC-06) and a microcontroller (Adafruit Flora) that handles the logic and communication with the PC. The overall architecture of the haptic system hardware is shown in Figure 2 .
ERM actuators are miniature DC motors with an offset mass attached to their shaft. The rotation of the mass causes a displacement of the motor due to asymmetry which results in vibration perpendicular to its rotation axis. Vibration intensity is controlled varying the voltage through PWM command between 0 and 5 V. Due to the voltage constant of such actuators, at the maximum voltage command the motors, with an eccentric mass (0.16 g) mounted on its shaft. The frequencies reach an estimated value of about 500 Hz. The frequency of vibration is ω/60, where ω is the rotational speed of the motor in rev per minute (rpm). This speed is proportional to the potential difference across the terminal of the motor. One limitation of vibration motors is that they cannot be driven to change its frequency and amplitude independently. The relationship between the vibration amplitude and frequency vs the input voltage is shown in Figure 3 . As shown in this figure, the variation of voltage changes the frequency and amplitude of ERM actuators in a coupled fashion.
To this end, microcontrollers typically generate a PWM signal. This type of digital signal can change the average voltage by varying the burst width (or duty) of a periodic signal. The modulated signal is then used to feed a motor driver which is able to provide enough current for the motor winding. The modulated vibration strength can, therefore, be used in encoding haptic stimulus such as pressure or stiffness.
In Haptic applications, there is a delay between the detection of a user movement and the production of the haptic feedback. One of the drawbacks of using ERM actuators is their signal from a microcontroller. The PWM modulated signal is feed to the driver which is able to provide enough current for the motor. However, DRV2605 has the ability to drive the motors with advanced and already defined waveform patterns to convey information to the user. Short and long click, ramp, buzz, and hum effects can be triggered. It is also possible to trigger multiple predefined haptic waveforms consequently. The DRV2605 chip is controlled over I2C, but since all the DRV2605 drivers comes with the same I2C address, it makes it impossible to have more than one device on the same SDA/SCL pins. This problem, however, can be easily solved using TCA9548A 1-to-8 multiplexer. Even though the multiplexer itself is on I2C address 0 × 70, it can be adjusted from 0 × 70 to 0 × 77. This chip enables to controller up to 8 same address DRV2605 driver connected to the same I2C port. The multiplexer puts the commands from the microcontroller to the selected motor driver. The microcontroller has a function of choosing the correct motor driver and desired waveform type according to the finger type used to interact in virtual environment.
relatively high latency to achieve the desirable output level at a given time. This latency can be caused by two factors: the time it takes for the motor to accelerate and the time taken to decelerate. A typical disk type vibrator takes approximately 200 ms to start and 250 ms to stop completely. In order to reduce these limitations, a dedicated controller DRV2605 is used. The DRV2605 is a very little motor driver from TI. It is designed to specially control haptic motors. The DRV2605 has an automatic overdrive and braking feedback methods, which creates more reliable motor control. To reduce the start time, the DRV2605 has an overdrive feature that applies higher loop gain to transient response of the actuator behavior. This method reduces the rise time to 40-60 ms with an overdrive voltage of 3 V. To reduce the brake time of the actuator, the DRV2605 provide a means to increase the gain ratio of the closed loop system (see Texas instruments, DRV2605 datasheet, p. 15, Table 1 ).
The ERM motors could also be controlled with MOSFET transistor circuits and other motor drivers using generated PWM 
Virtual experimental setup
The stimulation of human senses in VR has been limited mainly to the visual and auditory channels. Our system couples a simple game (shown in Figure 4 ) created in Unity 5.3 game engine with built-in VR support and a wearable haptic device. Unity allows the integration of Oculus and Leap motion for creation of highly immersive virtual environment as shown in Figure 5 . For the experimental setup, we choose virtual springs with prescribed spring strength values. A virtual spring is chosen for stiffness discrimination experiment because of the simplicity of the model of stiffness, relevant previous works on manual discrimination of stiffness, and the facts that springs are classical fundamental elements of virtual computer models. The perception of the stiffness of the spring involves a multi-modal combination of force and displacement. The force information is derived from the reactive force from ones interaction with the spring. Therefore, the displacement of the spring and reactive force encoded on haptic devices allow the user to discriminate the stiffness of the virtual springs.
The method implemented to detect the contact between a virtual hand and the virtual springs utilizes Unity collision detection system. The virtual collision is synchronized with the haptic force feedback rendering. Collision information, including spring displacement and spring constant (spring strength), are used to calculate the spring force at any instant of collision time.
A mass spring model shown in Figure 6 is considered for virtual objects force rendering. The spring forces are used to programmatically control and create a range of vibration effects by the haptic device. The interaction force is represented according to Hooke's law:
where k represents the stiffness parameter and x is the displacement of the spring during compression. According to the above equation, given that stiffness is defined as ratio of force and displacement, a psychophysical experiment characterize the perception of stiffness from visual (displacement) and haptic (force) variables. This equation is used to render the interaction force displayed through the haptic devices. Spring force rendering with the haptic device is processed with a thread that iterates at 500 Hz which is also the maximum frequency achieved by the ERM motors. This ensures that vibration forces generated or transition between vibration forces are smooth.
Psychophysics experiments
Psychophysics is one of the disciplines contributing to the design and research of more effective haptic hardware and software solution by understanding our perception mechanisms (Lecuyer et al., 2000) . One of the common psychometric method to study the effectiveness of haptic device in exploring stiffness of an object is the Two Alternative Forced Choice (2AFC) method. This method uses a method of varying the levels of stiffness to get the Just Noticable difference (JND). JND and Weber Fraction (WF) are used to make a quantitative analysis of the discrimination behaviors. The JND is the measure of the minimal difference between two intensities of the stimulus that can be discriminated by our perceptual experience (Koçak et al., 2011; Genecov et al., 2014) . WFs are used as a measure of one's ability to discriminate the stiffness between springs.
Three feedback modalities are tested:
• Visual Only: the subjects distinguish the stiffness by tapping the spring in the absence of tactile feedback. The displacement of the virtual spring was visually observed on a computer screen.
• Tactile Only: the subject is delivered with tactile feedback only. Without looking at the spring visual characteristics, the participant is supposed to make the decision based on vibrotactile feedback on his index finger.
• Combination of both visual and tactile feedback.
In these experiments, ten participants, five female and five male within the ages of 21 and 33 years have participated. All of them have no known perception disorder and eight of them are right handed while two are left handed. To start the experiment, participants signed the consent form, then they were introduced to the experiment within 4-to 5-min practice session by randomly playing with the virtual experimental setup. Then, all three feedback modalities and the subjects were presented with two springs: a standard (reference) spring with threshold spring strength value and four comparison springs with prescribed stiffness values.
A pair of springs from five virtual spring models, S1, S2, …, S5, enabling five different stiffness values are displayed on screen.
The stiffness values are assigned as Unity spring strength constant values of 5, 20, 35, 50, and 65 with ks3 = 35 being the reference stiffness value. These five stiffness values correspond to 20, 40, 60, 80, and 100% PWM duty cycles, respectively. The springs were presented in random order selected from a set of five spring strength (stiffness) values. The user can explore the springs for unlimited amount of time. The users decision about the stiffness of the spring depends on the vibration strength felt at the fingertip. For 2AFC test, the user compares vibration strength while tapping the two springs and decides which spring feels stiffer which means the user decides if the comparison spring is stiffer or softer than the reference spring. After decision made about the stiffness of the springs, buttons corresponding to both springs are available to choose. The subject can also switch between springs as many times as desired. Number of total trials and number of correct trials (scores) are also displayed on virtual screen. In order to switch to another spring, virtual buttons are also available. Pressing this button marked the completion of a trial. Following each trial, corresponding data, such as trial number, compared spring stiffness values, and subjects choice, are automatically collected by the program and saved to a file.
Each of the five stiffness values appears randomly once in 5 trials. Ten sets of these 5 trials were repeated with another random order. Therefore, a participant makes 50 trials for each feedback modality. To avoid biases due to fatigue and reduce finger insensitivity due to long vibrations, the subjects were forced to take a break after completing one feedback modality. All ten participants completed the experiment for the three feedback modalities in the order of visual only, tactile only, and combination. In order to avoid bias which can be created by visual learning of the subjects, stiffness values, colors of virtual springs, and display position of springs are assigned randomly during run time. This also helps us to reduce a significant bias caused by the order of the test modalities. The average percentage of correct response for different spring combinations in different modalities is collected as shown in Figure 4. 
Psychometric Curve
For all experiments, the proportion of time the user correctly identified the comparison stiffness as higher than the standard stiffness of the springs is plotted against the five stiffness values. A sigmoid function of the form
is used to fit the plot points with curve fitting functions. The psychometric curve fit shown in Figure 7 is made using LabVIEW curve fitting functions.
The α and β values for the plots of average values from all three modalities are as shown in Table 1 .
From each psychometric curve, we obtain Point of Subjective Equality (PSE), the point where the subject perceives the two stiffness values to be equal, or the stiffness value corresponding to 50% of correct responses. We also found the lower and upper Just Noticeable Difference (JND) from the 25 and 75% of correct responses, respectively. Then the JND can be computed by averaging the upper and lower JNDs as in the following equation:
The WF is also computed as the ratio of JNDs and PSE:
resUlTs
The results of the psychophysical experiment are summarized in Table 2 in the form of WF values. The mean JNDs (±SE) are 1.115 (±0.55) for visual only, 0.694 (±0.17) for tactile only, and 0.709 (± 0.27) for combination. A one-way ANOVA test has been conducted using SPSS statistics to see if there is a statistically significant difference between the means of JND Values found in the three modality tests. The JNDs for all 10 subjects, reported in Table 3 is taken as sample data against the independent samples of three modalities (k = 3). A statistical analysis with one way ANOVA on JNDs reveal a significant difference between the means of three types of feedback [F(2,27) = 4.79, p = 0.0165]. The mean WF (± SE) for stiffness perception is 0.393 (± 0.204) for visual only feedback, 0.238 (± 0.061) for tactile only feedback, A one-way ANOVA has also been used to show the differ ence of the mean for the proportion of correct responses among stiffness levels. To this end, proportion of correct responses of visual, tactile, and combination tests are taken as samples against the 5 stiffness levels as independent samples (k = 5). The test shows a significant difference [F(4,45 
Post study survey
After finishing the experiment, the subjects were provided with a questionnaire for qualitative analysis of the experiment. The survey is done to study the difficulty of the task and the realism of the haptic perception experienced. From survey collected at the end of the experiment, the user experience with haptic devices and 0.244 (± 0.099) for combination of visual and tactile feedback. A one-way ANOVA on WF values is also calculated with WF values of all 10 subjects reported in Table 2 as sample data against the independent samples of three test modalities. The statistical results indicated there is a significant difference between the means of the three conditions [F(2,27) = 4.84, p = 0.0159]. A Tukey HSD test also done on the same sample data to study which of these WF values statistically differ from each other. The HSD test result shows the mean WF were not significantly different between tactile only and combination tests. ranged from 1 to 5, with an average of 0.85. The users also rate the difficulty of the task from 1 (not difficult) to 5 (very difficult) with an average of 1.6. Furthermore, all subjects found that the model of the spring was visually realistic. However, subjects rate the haptic sensation realism with an average of 3.8 on scale 1 (not realistic at all) to 5 (highly realistic).
DiscUssiOn
The psychometric experiments in general shows that the vibrotactile device can enhance the perception of stiffness than visual only feedback. The result shows the average JND of 22.3% for visual only feedback is reduced to 14.7% during combination of both visual and tactile feedback. The result from previous experiments found 8-22% JNDs (Tan et al., 1992) . The herein result seems consistent with previous studies concerning discrimination of stiffness (Jones and Hunter, 1992; Tan et al., 1992; Jang and Lee, 2014) . Figure 8 and Table 3 show that tactile only and combination of visual and tactile feedback equally helps in discriminating stiffness values less than the standard spring stiffness and also the PSE values is the equal. For stiffness values greater than the standard value tactile, only feedback shows better performance than the combination of visual and tactile feedback. The interference of one perceptual stimulus with one another causing a decrease in perceptual effectiveness, or perceptual masking can also affect the users performance. The other implication could also be cognitive capabilities with processing multiple stimuli simultaneously. Previous experiments observed that vision could also mislead someone during stiffness discrimination tasks. Inappropriate vision feedback can also totally invert the stiffness perception and result in biases of experiment (Hachisu et al., 2011) . Such kind of mistake by illusion is made by the brain, not our senses.
As shown in Table 2 , two participants show good capability on visual only stiffness discrimination, by contrast, most of the participants shows better tactile stiffness perception. This result can also be due to different sensory weighting of participants for visual and tactile senses. The mean JNDs and WFs are within the range of results from measured human perception of stiffness from other devices. For example, the WFs obtained in these experiments are smaller to stiffness discrimination tasks reported in Gurari et al. (2009) . Shon and McMains (2004) compute the WF 0.67 of the base stimulus for stiffness discrimination.
cOnclUsiOn
Design of an effective haptic system for virtual interaction requires sufficient understanding of human perceptual systems and haptic exploration strategies. We conducted experiments to study the effectiveness of vibrotactile cutaneous feedback in stiffness discrimination in the absence of kinesthetic feedback. However, visual feedback is used to compensate the kinesthetic feedback. Perceptual experiments for stiffness discrimination have been done and data from all subjects fit to a psychometric functions. The Comparison of WF for visual and tactile feedback modalities and WF comparisons with previous experiments average WF indicates even though low cost and very portable, our device can be effectively used for application which needs virtual stiffness discrimination such as surgical simulators and virtual prototyping (Howard and Szewczyk, 2016) .
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